Shotgun proteomics, using amine-reactive isobaric tags (iTRAQ), was used to quantify protein changes in milk fat globule membranes (MFGM) that were isolated from d 1 colostrum and compared with MFGM from d 7 milk. Eight Holstein cows were randomly assigned to 2 groups of 4 cow sample pools for a simple replication of this proteomic analysis using iTRAQ. The iTRAQ labeled peptides from the experiment sample pools were fractionated by strong cation exchange chromatography followed by further fractionation on a microcapillary high performance liquid chromatograph connected to a nanospray-tandem mass spectrometer. Data analysis identified 138 bovine proteins in the MFGM with 26 proteins upregulated and 19 proteins downregulated in d 7 MFGM compared with colostrum MFGM. Mucin 1 and 15 were upregulated greater than 7-fold in MFGM from d 7 milk compared with colostrum MFGM. The tripartite complex of proteins of adipophilin, butyrophilin, and xanthine dehydrogenase were individually upregulated in d 7 MFGM 3.4-, 3.2-, and 2.6-fold, respectively, compared with colostrum MFGM. Additional proteins associated with various aspects of lipid transport synthesis and secretion such as acyl-CoA synthetase, lanosterol synthase, lysophosphatidic acid acyltransferase, and fatty acid binding protein were upregulated 2.6-to 5.1-fold in d 7 MFGM compared with colostrum MFGM. In contrast, apolipoproteins A1, C-III, E, and A-IV were downregulated 2.6-to 4.3-fold in d 7 MFGM compared with colostrum MFGM. These data demonstrate that quantitative shotgun proteomics has great potential to provide new insights into mammary development.
INTRODUCTION
Proteomics is a tool that will help identify proteins important to milk production and secretion. Identification of proteins associated with various aspects of milk production and secretion will provide a foundation for new research in lactation biology. Most of proteomic studies conducted thus far on mammary epithelial cells, organelles, membranes, and the secretion processes are focused on breast cancer, rodent lactation, or both (Wu et al., 2000a,b; Quaranta et al., 2001; Charlwood et al., 2002; Pucci-Minafra et al., 2002; Fortunato et al., 2003; Jacobs et al., 2004; Davies et al., 2006) . Although these studies have advanced our understanding of mammary function and milk secretion, they may not address the unique aspects of milk secretion in dairy cattle. Recently, 2 papers on bovine mammary proteomics have appeared (Daniels et al., 2006; Reinhardt and Lippolis, 2006) . The first paper examined mammary protein expression in growing virgin heifers (Daniels et al., 2006) , and the second was a survey of proteins expressed in milk fat globule membranes .
Our understanding of the molecular mechanisms critical to milk fat secretion is incomplete (Mather and Keenan, 1998a,b; Keenan, 2001) . The scarcity of information is due in large part to the lack of cell lines that secrete milk and milk fat (Keenan, 2001 ). The MFGM is a rich source of membrane proteins, and proteomic analysis of these membranes has highlighted some of the possible signaling and secretory pathways used by the mammary gland . Furthermore, the proteome of the MFGM provides additional insight into this membrane's cellular origin. The most widely accepted source of membrane for the MFGM is the apical membrane of the secretory cell (Mather and Keenan, 1998a; Keenan, 2001) . Their conclusions are supported by biochemical, electron microscopy, and immunocytochemical evidence.
The major proteins in the MFGM have been identified using traditional biochemical approaches (Mather, 2000) . These methods are slow, laborious, and address only one protein at a time. Proteomic and microarray approaches can identify gene and protein connections to a pathway that is not apparent or predictable from biochemical and genetic analysis of a biological system (Patterson and Aebersold, 2003) . This approach has been applied widely to quantitative proteomics (Ross et al., 2004; DeSouza et al., 2005; Chen et al., 2006; Hu et al., 2006; Keshamouni et al., 2006; Lippolis et al., 2006) and overcomes many of the problems of 2-dimensional electrophoresis in the study of membrane proteins (Gu et al., 2003; Peirce et al., 2004; Lippolis et al., 2006) .
We used a shotgun proteomics approach using amine-reactive isobaric tags (iTRAQ) to quantify protein changes in milk fat globule membranes (MFGM) that were isolated from d 1 colostrum compared with d 7 milk. Our objective was to examine how the transition from colostrum secretion to milk secretion changes protein expression in MFGM.
MATERIALS AND METHODS

Animals and Milk Fat Membrane Preparation
Colostrum or milk was collected from 8 Holstein cows at parturition and d 7 of lactation. The colostrum or milk from each collection was brought immediately to the lab and centrifuged at 10,000 × g for 15 min at 4°C. The floating milk fat pellet was removed, mixed with 10 volumes of ice-cold phosphate buffered saline (pH 7) + complete protease inhibitor cocktail from Boehringer Mannheim (Indianapolis, IN), and centrifuged at 10,000 × g for 15 min. This washing step was repeated 3 times until the supernatant was clear .
The MFGM were prepared from the washed milk fat as previously described (Reinhardt et al., 2000; Prapong et al., 2005; Reinhardt and Lippolis, 2006) . Washed milk fat from colostrum or milk was diluted in 10 volumes of buffer A, which contained Tris-HCL (10 mM), MgCl 2 (2 mM), phenylmethylsulfonyl fluoride (0.1 mM), EDTA (1 mM), 4 g/mL of aprotinin, and 4 g/mL of leupeptin at pH 7.5. The sample was homogenized using a Polytron PT-10 homogenizer (Brinkman Instruments, Boston, MA) running at 12,000 rpm. Each homogenization step was for 12 s with 30 s of sample cooling between each homogenization run. A total of three 12-s homogenizations were performed on the sample. The homogenate was mixed with an equal volume of buffer B (buffer A plus 300 mM KCl) and centrifuged at 100,000 × g for 1 h. The supernatant was discarded and the membrane pellet was resuspended in buffer C (buffer A plus 150 mM KCl) (Reinhardt et al., 2000) . The resuspended membrane preparation was centrifuged at 100,000 × g for 1 h. The supernatant was discarded and MFGM pellet was resuspended in buffer A. Protein concentration was determined using the BioRad Protein Assay Kit using a BSA standard. The MFGM were stored at −70°C until needed.
Extraction of Extrinsic Proteins to Concentrate MFGM Intrinsic Proteins
The MFGM prepared as described above were pelleted by centrifugation at 100,000 × g for 1 h. All procedures were done at 4°C. The membrane pellet was resuspended in a small amount of 300 mM sucrose, 10 mM Tris-HCL at pH 7.5. This suspension was diluted with ice-cold 0.1 M sodium carbonate (pH 11.5) to a protein concentration 0.01 mg/mL (Fujiki et al., 1982; Reinhardt and Lippolis, 2006) . The sample was incubated on ice for 1 h to extract extrinsic proteins and then centrifuged at 100,000 × g for 1 h through a cushion of 300 mM sucrose (10% of the tube volume). The MFGM intrinsic protein pellet was resuspended in buffer A. Protein concentration was determined, and the extracted MFGM were stored at −70°C until needed. This procedure enriched the MFGM preparation for intrinsic proteins by reducing but not eliminating extrinsic protein content.
Sample Preparation for Mass Spectroscopy Analysis
Samples were randomized, and 4 sample pools were created (Figure 1 ). One hundred micrograms of protein from each sample pool was dried and processed as follows. Membrane proteins from the 4 samples were each resuspended in 50 L of 25 mM triethyl-ammonium bicarbonate (pH 8) in 1.5-mL microcentrifuge tubes. After adding cap locks, the proteins were thermally denatured at 90°C for 20 min as described Russell, 2000, 2001) . The samples were then cooled on ice for 10 min and then dried in a vacuum centrifuge. For trypsin digestion, 25 L of proteomicgrade trypsin (20 g/mL in 25 mM triethyl-ammonium bicarbonate) was added to each sample. We added acetonitrile (ACN) so that the solution was 30% ACN ). This ACN/trypsin solution was incubated at 37°C overnight. The next day the samples were cooled to room temperature and then dried in a vacuum centrifuge. The samples were stored dry at −20°C until used.
Each sample was then labeled using the iTRAQ kit for amine-modifying labeling reagents for multiplexed relative and absolute protein quantitation (Applied Biosystems, Foster City, CA). See Figure 1 for the sample analysis work flow. The iTRAQ-labeled peptides were dried and resuspended in 300 L of 20 mM formic acid and 20% ACN). Samples were run on a mL 0.1% formic acid in 5% ACN (Lippolis and Reinhardt, 2005; Lippolis et al., 2006) .
HPLC and Tandem Mass Spectroscopy of the Samples
Each SCX fraction was analyzed by capillary HPLC (CapLC; Waters, Milford, MA) in line with a Q-TOF Ultima API mass spectrometer (Waters). An Altantis C 18 NanoEase column (75 mm × 100 mm) was used for peptide separation. The system was configured to concentrate and wash the injected sample on a Symmetry 300 C 18 precolumn. Seven minutes after the start of sample loading, the precolumn was switched in line with the analytical column to allow the trapped peptides to be eluted onto the analytical column. Mobile phase A was 0.1% formic acid in 5% ACN. Mobile phase B was 0.1% formic acid in 95% ACN. The gradient was 95% A for 5 min and then ramped linearly to 60% A over 85 min. Over the next 2.5 min it was ramped to 10% A and held an additional 10 min before reequilibration of the column. The flow rate was approximately 300 nL/min. The analytical column was connected to Waters lockspray-nanospray interface on the front of the mass spectrometer. The lockspray used the peptides [Glu 1 ]-fibrinopeptide B and leucine enkephalin (Sigma, St. Louis, MO) as mass calibration standards. The capillary voltage was 3,500 V and was tuned for signal intensity. The 5 most intense ions with charge states between 2 and 4 were selected in each survey scan if they met the switching criteria. Three collision energies were used to fragment each peptide ion based on its mass to charge (m/z) values. Each fraction was run 4 times, once collecting MSMS data on the full range of parent masses followed by runs collecting MSMS data on parent masses in 3 mass ranges (400 to 635, 635 to 750, and 750 to 1,500; Lippolis et al., 2006) for a total 112 runs.
Protein Identification
All MS data files were processed into pkl files using ProteinLynx Global Server 2.0 (Waters, Milford, MA) and lock-spray correction of MS data with [Glu]-fibrinopeptide B and MSMS with leucine enkephalin. The pkl files were merged into a single file using the program Merge (Matrix Science, London, UK). The data were then analyzed with Mascot (Matrix Science) using the NCBI NR protein database with mammalia taxonomy, MMTS (C), iTRAQ (K), and iTRAQ (N-term) as fixed modifications, and iTRAQ (Y) and oxidation (M) as variable modifications. The peptide tolerance was 20 ppm and the MSMS tolerance was 0.05 Da. The Mowse scoring algorithm (Pappin et al., 1993) in Mascot was used to determine the probability that a protein was correctly identified. We used P < 0.05 for protein identity and a Mowse score greater than 41 yields a P < 0.05 protein identity. Abundance data were obtained by determination of the peak area of each of the iTRAQ labels after the peak was smoothed and centroided. Data were extracted from the Mascot.-dat file with a Perl script that parsed peptide data including the abundance numbers for iTRAQ daughter ion peaks within a ±0.05 Da tolerance. Data were manually organized to remove duplication of query assignments and duplicate proteins. All proteins without at least two MSMS spectra with a probability of a correct match greater than 95% were removed. Only MSMS spectra with abundance information for all 4 iTRAQ labels were retained. Relative changes in protein expression were calculated in the same way as described by Ross et al. (2004) . Briefly, the abundance of the iTRAQ label used to tag either the colostrum MFGM sample pool 1 was divided by the sum of the abundance of the colostrum MFGM sample pool 1 + d 7 MFGM sample pool 1. The range of this calculation is between 0 and 1 with result of 0.5 meaning no change in protein expression. So a low Ross ratio indicated up-regulation and a high Ross ratio indicated down-regulation in d 7 MFGM compared with colostrum MFGM. The procedure was use for the simple replicate data for sample pool 2. The mean Ross calculation for all MSMS spectra for these simple replicate samples was 0.52 with a standard deviation of 0.14. A change was considered real if the average iTRAQ calculation of a protein was outside the range of the total MSMS Ross ratio plus or minus the standard deviation (Ross et al., 2004) , which for these data equates to Ross ratios of 0.38 to 0.66.
Gel Electrophoresis and Western Blotting
The MFMG proteins from individual cows were incubated for 5 min at 95°C in a modified Laemmli buffer containing 150 mg/mL urea and 65 mM DTT. Equal volumes of sample were loaded into 2 wells of an 8 to 16% Tris-glycine gradient gels (Novex, San Diego, CA) and electrophoresed for 1.5 h at 125 V. Proteins were transferred to nitrocellulose membranes for 75 min at 25 V in 0.192 M glycine, 0.025 M Tris at pH 8.3 (Reinhardt et al., 2004a,b) . All antibodies were diluted according to manufacturer's instructions. Antibodies to xanthine oxidase (ab6194), syntaxin 3 (ab4113), and actin (ab8226) were purchased from Abcam (Cambridge, MA). SNAP23 (Pai-738) antibody was purchased from Affinity BioReagents (Golden, CO). The bovine TLR-2 antibody was prepared from the C-terminus peptide using procedures described (Reinhardt et al., 2000) . Blots were developed using Pierce's Supersignal (Pierce Products, Rockford, IL) according to the protocol provided by the manufacturer. for 3 cows. Gross differences in the proteins expressed can be seen between colostrum and d 7 milk MFGM. Using a shotgun proteomics approach outlined in Figure 1 , we identified and have expression data for greater than 130 proteins. The false discovery rate for our data was 1.29% as determined by using a decoy database, thus yielding high confidence in our identification data. Approximately 70% of the proteins identified are membrane-associated proteins with the remainder being secreted proteins or of cytosol origin. Data analysis identified 26 proteins upregulated and 19 proteins downregulated in d 7 MFGM compared with colostrum MFGM (Tables 1 and 3, respectively) . A change was considered real if the average iTRAQ calculation of a protein was outside the range of the average of all MSMS Ross ratios plus or minus the standard deviation (Ross et al., 2004) , which for these data equates to Ross ratios of 0.38 to 0.66 (see Materials and Methods section). Table 2 shows proteins considered unchanged using the criteria of Ross. However, the reader will note that the data in Table 2 showing fold changes up, down, or no change are noted based on mean Ross ratios. These data are presented for information only as some of the changes may prove to be real as described for syntaxin 3 and TLR2 below.
RESULTS
Proteins associated with various aspects of lipid transport synthesis and secretion such as acyl-CoA synthetase, lanosterol synthase, lysophosphatidic acid acyltransferase, cell death-inducing DFFA-like effector A, and fatty acid binding protein were upreguJournal of Dairy Science Vol. 91 No. 6, 2008 lated 2.6-to 5.1-fold in d 7 MFGM compared with colostrum MFGM (Table 1) . The mucin proteins, mucin 1 and 15, showed the greatest expression change of all the proteins analyzed. Both mucin 1 and 15 were upregulated greater than 7-fold in MFGM from d 7 milk compared with colostrum MFGM (Table 1) .
Specific proteins involved with vesicle transport and protein trafficking showed variable regulation. Proteins, such as SAR1a gene homolog 1, SNAP-23, synaptosomal-associated protein 29 were upregulated 2-to 3-fold in MFGM from d 7 milk compared with colostrum MFGM (Table 1) . However, many proteins involved in vesicle transport and protein trafficking have borderline expression changes using the criteria of Ross et al., 2004 (Table 2 ). To examine these proteins further, we performed Western blots (Figure 3 ) on individual cow samples using antibodies to xanthine dehydrogenase SNAP-23, syntaxin 3, and TLR2, which were shown to be upregulated 2.6-, 3.0-, 1.6-, and 1.7-fold, respectively, in MFGM from d 7 milk compared with colostrum MFGM (Tables 1 and 2 ). Figure 3 (lower panel) shows the comparison results for Western blot data from 8 individuals versus iTRAQ expression results for two 4-cow sample pools. The result compare quite favorably. Syntaxin 3 and TLR2, which appeared to be upregulated in MFGM from d 7 milk compared with colostrum MFGM (Table 2 ) but did not meet the criteria of Ross et al. (2004) for a change in expression, can be seen in Figure 3 . By Western blotting syntaxin 3 and TLR2 were upregulated in MFGM from d 7 milk compared with colostrum MFGM. The Western blot data confirm the validity of the iTRAQ data as well as demonstrating that the Ross criteria for protein expression changes is conservative. This gives the changes noted in Tables 1 and 3 more confidence despite the limitations of proteomic iTRAQ experiments with regard to experiment replicates and suggests that proteins in Table 2 that are up-or downregulated 1.6-fold or greater may be real changes as was found for syntaxin 3 and TLR2 by Western blotting.
As shown in Table 3 secreted proteins such as apolipoproteins A1, C-III, E, A-IV clusterin and lactoferrin were downregulated 2.6-to 4.3-fold in d 7 MFGM compared with colostrum MFGM (Table 3) .
DISCUSSION
Shotgun proteomics in conjunction with iTRAQ protein expression tags were used to identify and measure developmental protein expression changes in the MFGM isolated from colostrum vs. MFGM isolated from milk on d 7 of lactation. The goal of this experimental approach is to ultimately make connections MS/MS # is the number of peptides from this protein that were sequenced in the mass spectrometer and used for identification. For abundant proteins such as "butyrophilin" this number is very large due to repeated sequencing of the same peptides.
between cellular functions and pathways that may not be predictable from traditional biochemical experiments in lactation biology.
The extreme dynamic range seen in protein abundances in general complicates proteomic analysis. It is estimated that cells may contain proteins with as few as 10 copies per cell ranging up to ∼1,000,000 copies per cell (Moritz et al., 2004) . For this reason it is important to simplify the proteome before analysis. We did this, in part, by extracting the MFGM with carbonate to remove extrinsic proteins (Fujiki et al., 1982) , so we could then focus on a simpler MFGM proteome that was enriched for intrinsic proteins. However, for the bovine MFGM proteome, one of the greatest obstacles to the identification of lower abundance proteins is the abundance of a few MFGM proteins, such as butyrophilin (Mather, 2000) . Butyrophilin constitutes 30 to 40% of the total protein in the Holstein MFGM (Mather, 2000) . Due to this dominate protein and its protein partners, adipophilin and xanthine oxidase, excessive peptide signal results in the mass spectrometer missing many coeluting low abundance proteins. Several of these abundant MFGM proteins contribute to this problem in the analysis of the MFGM proteome as they account for >70% of the high quality peptides seen by the mass spectrometer in the shotgun MFGM proteome. The consequence of these or any overly abundant proteins in a proteome is simply a reduction in the total number of proteins that can be identified with high confidence. Future advancements into the analysis of less abundant proteins of the MFGM proteome will require specific depletion of high abundant proteins as has been used successfully in blood serum proteomic studies.
A detailed discussion of all the protein changes is beyond the scope of this paper. We will discuss some changes related to fat metabolism, the secretory process and factors important for mammary health, but provide the bulk of the data for building a developmental MFGM proteome database.
The tripartite complex of proteins of adipophilin, butyrophilin, and xanthine dehydrogenase (Heid et al., 1996; McManaman et al., 2002; Vorbach et al., 2002; Ogg et al., 2004) were individually upregulated in d 7 MFGM in parallel compared with colostrum MFGM (Table 1) . This parallel upregulation is expected for a complex with 3 components fixed in a molar ratio. These proteins and other proteins associated with lipid transport, synthesis, and secretion are upregulated several-fold in d 7 MFGM compared with colostrum MFGM (Table 1) , which is indicative of an Changes are still noted, and some may be real as discussed. early developmental shift in milk fat transport despite higher fat content in colostrum (Parrish et al., 1950) .
The marked upregulation of cell death-inducing DFFA-like effector a (CIDEA) was at first puzzling as it originally identified function was apoptosis (Reed et al., 2003) . Subsequent research has shown that CIDEA plays a prominent role in fat energy balance and fatty acid regulation (Zhou et al., 2003; Nordstrom et al., 2005) . This protein may therefore be a new example of "gene sharing" as described for xanthine oxidase, where it is both an enzyme important in purine metabolism and separately plays a key role as a membraneassociated protein in association with adipophilin and butyrophilin with a key role in milk fat secretion (Heid et al., 1996; McManaman et al., 2002; Vorbach et al., 2002; Ogg et al., 2004) . The identification of CIDEA in the MFGM and its upregulation in d 7 MFGM is an example of the power of proteomics in identifying potential new target proteins for hypothesis-driven research in lactation biology.
We found that some proteins of lipid transport and secretion, such as the lipoproteins, were downregulated in d 7 MFGM compared with colostrum MFGM. These proteins have all been previously associated with the MFGM proteome (Cavaletto et al., 2004) , but the reasons for their downregulation at d 7 of lactation are currently unknown. Mather and Keenan (1998b) point out in their review that the general progress in understanding the nature and regulation of milk secretion at the cellular and molecular level has lagged behind the progress in other secretory systems. Furthermore, much of what is proposed is by analogy with other quite different secretory model systems. Using quantitative shotgun proteomics we demonstrated that membrane/protein trafficking proteins were upregulated in MFGM by d 7 or tended to be upregulated.
The Rab proteins are low molecular weight GTPbinding proteins that form the largest branch of the Ras superfamily of GTPases. The Rab proteins and their effectors coordinate various stages of transport in the secretory pathway (Zerial and McBride, 2001 ). Rab18, which is up 1.8-fold in d 7 MFGM, regulates lipid droplet-associated membrane formation and interacts with adipophilin (upregulated 3.4-fold), which in involved in lipid droplet formation and secretion (Martin et al., 2005; Ozeki et al., 2005; McManaman et al., 2007) . Three membrane proteins, SNAP-25, synaptobrevin, and syntaxin, form the core of a ubiquitous membrane fusion machine that interacts with the soluble proteins N-ethylmaleimide-sensitive factor (NSF) and a-SNAP. The Rab proteins, in coordination with the core fusion machinery and Munc-18, help to mediate vesicle docking and fusion. The SNAP are cytosolic proteins that play a key role in the process of membrane fusion in intracellular vesicle trafficking. In eukaryotic cells, the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complex is critical to membrane docking and fusion and is believed to impart some degree of specificity between vesicle SNARE and target organelle SNARE. In neurons and neuroendocrine cells, the SNARE complex consists of the integral membrane proteins VAMP (vesicle-associated membrane protein), syntaxin, and SNAP25. In nonneuronal tissues, such as mammary tissue, SNAP23 functionally replaces SNAP25 in the SNARE complex. Studies show that VAMP, syntaxin, and SNAP23 are required for SNARE function. This complex exists as a heterotrimer of the three proteins (Zerial and McBride, 2001; Bonifacino and Glick, 2004) . The high expression of SNAP23 on d 7 of lactation was confirmed by Western blotting (Figure 3) . Thus, the firm identification and quantitative changes in SNAP23, syntaxin 3, along with several of the Rab in purified MFGM, provide a foundation of proteins likely key for the study and understanding of secretory processes in the cow.
A number of proteins were differentially expressed in the MFGM of d 7 MFGM compared with colostrum MFGM whose functions have been associated with protection of the cow or calf from infections (Nonnecke and Smith, 1984; Hamosh et al., 1999; Mather et al., 2001; Patton, 2001; Paape et al., 2002; Cavaletto et al., 2004; Goldammer et al., 2004; Strandberg et al., 2005; Nemchinov et al., 2006; Reinhardt and Lippolis, 2006) . In this class of proteins, mucin 15 and mucin 1 were the only antiinfection proteins upregulated in d 7 MFGM compared with colostrum MFGM. They were also the 2 proteins with the greatest change at greater than 7-fold up in d 7 milk (Table 1) . The TLR 2, CD59, CD14, lactadherin, and TLR 4 were unchanged using the criteria of (Ross et al., 2004;  Table 2 ). Western blot data (Figure 3 ) for TLR2 clearly show that this protein is upregulated ∼1.7-fold in the MFGM from d 7 of lactation, which matches the results found with the iTRAQ method. This and other data discussed indicated that the Ross et al. (2004) cutoffs for protein changes are on the conservative side. There was some indication that TLR 4 is downregulated, but that conclusion will have to wait for specific antibodies for this protein. Clusterin and lactoferrin, which are known to decline in lactation (Nonnecke and Smith, 1984) , were downregulated 2.8-fold in d 7 MFGM compared with colostrum MFGM.
CONCLUSIONS
These data demonstrate that quantitative shotgun proteomics has great potential to provide new insights into mammary development. It is yielding new information about MFGM proteome and more importantly the apical membrane of the secretory cell with the ultimate goal of new hypothesis-driven research into lactation biology. Development of methods to deplete major MFGM proteins will greatly increase the numbers of proteins identified in the MFGM.
